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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
Symbol .
¥ . Abbrevia- Unit Abbrevia-
Unit tion tion
Length_______ l meter_ ______ . ______.__ foot {ormile) .. _______ ft. (or mi.)
Tirl:x%ti ........ t second . ________________ second (or hour)_._____ sec. (or hr.)
Force......___ F weight of 1 kilogram_____ weight of 1 pound._____ Ib.
Power. _..._.._ P horsepower (metrie) ...\ .. _______ horsepower._o.______. hp.
v kilometers per hour._____ k.p.h miles per hour..______ m.p.h,

Speed._..._.. meters per second_ ... ._ m.p.s feet per second..___.__ f.p.s.

2. GENERAL SYMBOLS

Weight =mg
Standard acceleration of
m/s? or 32.1740 ft./sec.?

Mass = w
g

gravity =9.80665

Moment of inertia=mk?. (Indicate axis of
radius of gyration k by proper subscript.)
Cocflicient of viscosity

v,

P

Kinemastic viscosity
Density (mass per unit volume)

Standard density of dry air, 0.12497 kg-m—4s® at
15° C. and 760 mm; or 0.002378 1b.-ft.~* sec.?

Specific weight of “standard” air, 1.2255 kg/m® or
0.07651 Ib./feu.ft.

3. AERODYNAMIC SYMBOLS

Area

Area of wing
Gap

Span

Chord

Aspect ratio
True air speed

Dynamic pressure —%pV’
Lift, absolute coefficient (= (%S

Drag, absolute coefficient (), = Q%

Profile drag, absolute coefficient Chp, -%

Induced drag, absolute coefficient Cp, ~D

S

Parasite drag, absolute coefficient Cp,= %

Cross-wind force, absolute coefficient CC-Q

gs
Resultant force

Luy
Y,

Q
&,
Vi

Pu

a,

g,y
ay,
Qay

2

Angle of setting of wings (relative to thrust
line)

Angle ol stabilizer setting (relative to thrust
line)

Resultant moment

Resultant angular velocity

Reynolds Number, where [ is a linear dimension
(e.g., for a model airfoil 3 in. chord, 100
m.p.h. normal pressure at 15° C., the cor-
responding number is 234,000; or for a model
of 10 cm chord, 40 m.p.s. the corresponding
number is 274,000)

Center-of-pressure coefficient (ratio of distance
of e.p. from leading edge to chord length)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (ineasured from zero-
lift position)

Flight-path angle



REPORT No. 566

—— e

GROUND-HANDLING FORCES ON A 1/40-SCALE
MODEL OF THE U. S. AIRSHIP “AKRON”

By ABE SILVERSTEIN and B. G. GULICK
Langley Memorial Aeronautical Laboratory




NATIONAL ADVISORY COMMITTEE FOR AERON AUTICS

HEADQUARTERS, NAVY BUILDING, WASHINGTON, D. C.

LABORATORIES, LANGLEY FIELD, VA,

Created by act of Congress approved March S 1915, for the supervision and direction of the scientifie

study of the problems of flight (U, N, Code, Title 50, See. 1515,

act approved
conipenstion,

Mareh 20 1929, The members are
JoserH S, AMEs, Ph. 1., Chairman,
Baltimore, Md. )
Davip W. Tayror, D. Eng., Viee Chairman,
Washington, D. ¢,
Craries Go Annor, Se. 1.,
Secretary. Smithsonian Tnxtitution.
Lyman J. Brices, Ph. 1.,
Director, National Burean or Standards,
ArTHUR I} Coeor, Rear Admmiral, United States Navy,
Chief, Bureau of Acronautices, Navy Department.
WiLLis Ray Grece, B. A,
United States Weather Bureai.
ITARRY [ GUGGENTIEIM, M. A,
Port Washington, Lonyg Island, N, Y.
NSYDNEY M. Krauvs, Captain, United Siatesx Navy,
Bureuu of Aervnautics, Navy Department,

appointed

Trs membership was increased o 15 by
by the Prosident, anid serve aso such without

CHARLES A, Lizoeeren, Ll D.,
New York ity
WrrLiay I, MACCRACKEN, Jr., LI. D.
Washington, I, (.
Aveusting W, Ropr~s, Brigudier General, United States Army,
Chief Matériel Division, Air Corps, Wrichi Field, Dayton,
Ohio,
Kvarxe L. Vinar, ¢ K.,
Director of Ajr Commeree, Department of
Ebwarn ') Wagxer, M. 8,
New York iy,
Oscar WESTOVER, Major General, United States Army,
Chiel of Ajr Corps, War Department.
OrvitLe Wrianr, Se, D,
Drivion, Ohio,

]

Conmerce,

Grorer W, LEWIS, Dircelor of Aeronautionl Rescarch

Joun B Vierony, Neeretary

HeNrY J. B 1, Fnginecr in Charge, Langley Memoriql Aeronautionl Lahoratory, Langley I'ield, Va.

Joux J. Ivk. Technical Assistant in Furope, Paris,

Franes

TECHNICAL COMMITTEES

AERODYNAMICR
POWER PLANTS FOR AIRCRAFT
AIRCRAFT STRUCTURES AND MATERIALS

AIRCRAFT ACCIDENTS
INVENTIONS AND DESIGNS

Coordination of Research Needs of Mititary and Civil Aviatipn

I'reparation of Researeh Programs

Allocation of Problems

Prevention of Dupliciution

Considteration of Tnrentions

LANGLEY MEMORIAL AERONAUTICAL LABORATORY
LANGLEY FIELD, VA.

TUnified

seiventitic

problems of flight,

conduel, for all
rexearch  on he

agencies,  of
fundamental

OFFICE OF AERONAUTICAL INTELLIGENCE
WASHINGTON, D. C.

Collection classifieation, compilation,
amd adissemimition of sceientifje and tech-

nicul information oy acronaulics,



REPORT No. 566

GROUND-HANDLING FORCES ON A 1,40-SCALE MODEL OF THE
U. S. AIRSHIP “AKRON”’

By Ak SILVERSTEIN and B, G.

(GULICK
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SUMMARY

An inrestigation was conducted in the N . . A
Jull-seale wind tunnel to determine the grownd-handling
forees on a Vascale model of the U7, airship “Akron.”
(round-handling conditions were sinoulated by extablish-
ing a velocity gradient abore a special ground board in
the tunnel comparable with that encountered orer a land-
g field. The tests were conducted at Reynolds Numibers
ranging from 5,000,000 to 19,000,000 at each of sir
angles of yaw betweer 0° and 180° and at four heights of
the model aboree the yrownd board.

The ground-handling forees rary greatly with the angle
of yaw and reach large ralues at appreciable angles of
yaw.  Small changes in height, pitehy, o roll did not
critically atfect the forces on the model.  Tu the range of

Reynolds Numbers tested, no significant rariation of f/w‘

forces with the seale was diselosed.
INTRODUCTION

At the request of the Bureau of Aeronauties, Navy
Department, an investigation was condueted i the
NDOAL (U AL Tullesenle wind tunnel to determine the
ground-handling forees ona
1. S, airship Akron,

Correlnted data on the forees and moments enconn-
tered in handling airships near the ground have not
available.
conducted at low Reynolds Numbers has shown con-
flicting results (references 1 oand 2). Actual handling
experiences with the large airships have shiown under
some conditions the existence of extremely large forees

Le-=eatde model of  the

heen Previous work of a similar nature

and moments that mav endanger the airship unless
properly

not satisfactory owing to the relatively small size of
the models. Tt was believed, however, that the '5-
cenlo Akron model was laree enough to enable the
direction and trend of the forees to be predicted.
Ground-handling conditions were closely simulated
by establishing a veloeity gradient above the ground
board comparable with that encountered over a land-
ing field. Tests were made at six angles of yaw hetween
0° and 1802, at four heights of the model above the

ground bhoard, and at air speeds from 28 to 100 miles
per hour. Several special conditions of pitch and roll
were also investigated.

WIND TUNNEL AND EQUIPMENT

The wind tunnel used for these tests is deseribed in
reference 3. The tunnel was modified by the addition
of a horizontal ground board, 30 feet wide, to stmulate
the landing field. The board was installed at the level
of the lower surface of the entrance cone, making a

continuous surfaee with the entrance cone and extend-

The 17 f0-senle model of the U=
VW

Fravre 1 airship Hron on ground board at

ing to within a few feet of the exit cone.  Figure |

anticipated.  The prediction of the numerieal !slmws the model in position above the ground board.
values of the handling forces by wind-tunnel research i

Forees, moments, and veloeity distribution about the
model were measured with the standard wind-tunnel
equipment.  The model was supported by four struts
projecting through the ground board and rigidly at-
tached at their lower ends to the floating frame of the
balance (fig. 1), The portions of the struts extending
above the ground board were shielded hy streamline
fairings to eliminate tare forees.

Smoke wis used to show the flow of air over the

model. passing kerosene

1

The =moke was generated by
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through heated coils and was ejected through small
tubes into the air stream a short distance ahead of the
model.  Pictures were taken of the ow with a standard
movie camera using 16 millimeter film and taking 16
frames a second.

MODEL

The Akron model previously tested in the propeller-
research tunnel (reference 4) was fitted with the Mark
IT fins and control surfaces.  The model is of hollow
wood construction of polveonal cross seetion with 36
sides over the fore part of the hull faired into 24 sides
near the stern. The surface was refinished so as to be
comparable with well-doped  fabric.
dimensions of the model
table:

The principal
are listed in the following

Ratio of |
distance :{”':il'llr]]:
from nose Wil
Lo total seriberd
tengrh circles i

Inchex
(0
104
HAAEY
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16,
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1484
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T4,
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0

.02
NI
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Length, 19.621t; volume, 115 cu ft.;
ol buoyancy, ajL=0_1t1,

(VOllda ie e f1 (v S LSA It center

f

VELOCITY GRADIENT

One of the important variables affecting the airship
handling forces is the gradient of the wind veloeity with
height above the landing field.  This velocity gradient.
is not constant and depends Targely on the terrain and
the weather conditions.  In the present investigation it
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was not expedient to test with more than one veloeity
gradient so that a representative gradient obtained in
tests at Lungley Field (reference 5) was adopted.  This
reference veloeity gradient indicates that the average
inerease in veloeity with height above the ground is pro-
portional to the 1/7 power of the height (Vo) or, in
terms of the dyvnamic pressure, goc /7. This velocity
gradient is similar to that in the boundary laver of
flat plate immersed in o turbulent stream at high
Reyvnolds Numbers and may be considered as the most
probable gradient over a flat landing field free of ob-
structions,

The velocity at 200 feet above the ground was

arbitrarily chosen as a reference, 1t corresponds to g
height of 5 feet above the ground board for the model
tests; consequently all veloeity computations are hased
on the veloeity at this height.  The gradients as repre-
sented by the foregoing relation and as determined
from the results of dynamic-pressure surveys for the
positions oceupied by the model are compared in
Higure 2.

CORRECTIONS

The resalts were corrected for the blocking effect of
the model on the air stream. (See reference 6.) Inas-
rmueh as the model was small in proportion to the size
of the jet, no tunnel-boundary corrections were applied
] to the duta. Surveys showed the variation of the
rstatic pressure over the length of the model to be
“nogli;_"ih]v, therefore no corrections for static-pressure
leradient were made.

TESTS

Force tests. Thelift, deag, and cross-wind forces and
the pitching, rolling, and VAWING Inoments were megs-
ured for four heights, 257, 27, 284, and 31 inches, of
the model center line above the ground bourd (fig. 3).
These heights cave elearances hetween the ground
!bmml and the model at the maximum diameter of 5.6,
‘7.1, 8.6, and 116 inches, respectively.  Tests were
"made at

weh height for the following six
aw relative to the wind: 09, 30°, 60°, 90°,

angles of
1860°, and
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210°  The angle of yaw of 210° instead of 150° \\';1.\'E
used for convenience in testing.  The magnitudes of
the forces and moments are obviously the same for the
two angles but the direction 1s opposite for the cross-
wind force and the rolling and yawing moments.  For
the comparison of the results, the coeflicients for 210°
yaw angle were converted to 150° yaw.

At the 28%-inch height, tests were made with the
model rolled to the right through an angle of 10° while
yawed at angles of 30° and 90°. The effects of small
angles of pitch were obtained by pitching the model
2° and —2° (fig. 3); the forces and moments were
measured for the 0°, 30°, and 180° yvaw positions.

For the tests with the model in roll, the Reynolds
Numbers ranged from 5,000,000 to 8,000,000,  All
other tests were made at Reyvuolds Numbers ranging
from 5,000,000 to 19,000,000, which correspond to air
speeds from 28 to 100 miles per hour. The Reynolds
Number values are based on the length of the hull,

Revnolds Number ol

and are 4.04 times those buased on (vol)'s, which have
heen used in & number of airship investigations.

Smoke flow. Motion pictures were taken of smoke
flow over several seetions along the model for all angles
of yaw with the model 28% inches above the ground
board. Enlarged prints (fig. 4) illustrate the nature
of the flow.

Wake surveys. Surveys were made of the dynamie
pressure and total head in the field of the model when
yawed 90° to the wind.

RESULTS

The resilts of the force tests are presented (figs. 5 to
24) in the form of nondimensional coeflicients defined
as follows:

Lift coeflicient,
. it
('1‘7"(1(\'()1)’-"“"
Drag cocflicient,
¢ __ trag parallel to wind axes
8 glvol)3

Longitudinal-force coefficient,
. foree paratlel to longitudinal hody axes
Cx— 23
gvol):
Cross-wind force coeflicient,

Cys— c¢ross-wind foree
A qivol)s

Cross-force cocfficient, .
(,ijurc(- normal to longitudinal body axes
g(voljs
Resultant-foree coefficient,
. __resultant foree
Ce=" givol)*s

Rolling-moment coeflicient,

., rolling moment about C.
)= p
q(vol)

MODEL OF THE U. S. AIRSHIP “AKRON"

Pitehing-moment coeflicient,
(- pitching moment about C. B.
g(vol)

m

Yawing-moment coeflicient,
¢ “vawing moment about C. B.
" g{vol)

in which (vol) is the volume of the hull in cubie feet
and ¢ is the dynamie pressure in pounds per square
foot at a point 5 feet above the ground board, which
corresponds to 200 feet above the ground for the full-
size airship.  When applying the wind-tunnel results
to the actual airship, the wind velocity at a point 200
feet above the ground should be used as a base.  All
moment coefficients are presented with reference to
the body axes of the model.

The important results are presented in their simplest
form in figure 5, a three-view drawing of the measured

R V2 /A
e e S 3 Y
front support

Zero-pitch
pOSitioNs -

b

Rear support

=

09" 2epifen-
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-Positions of the airship model relative to the ground board.

3,0/?5/% A

Fravee 3

resultant-foree veetors on the airship for the angles of
yaw that were tested for a single height of the model
above the ground.  The veetors are to seale and show
the magnitude and direction of the forces and the
moments about the three coordinate axes.

Lift. —The measured vertieal forces on the airship
model were positive, or upward, for the entire range of
angles of yaw tested and for all heights of the model
above the ground plane (fig. 6).  The lift coeflicient is
neeligible at 0° angle of yaw but increases with angle
of vaw and reaches a maximum at an angle of about
60° to the relative wind. With increasing angles of
yaw from 60° the lift decreases rapidly until at 90° it
has a small positive value. In the angle range between
90° and 180° the lift decrcases slowly and almost
uniformly and becomes negligible again at 180° yaw.

In the scale range investigated the lift showed only
a small variation with Reynolds Number for the 0°
angle position but, at the 90° yaw angle, decreased at
a small but constant rate with inereasing Reynolds
Number (figs. 7 and 8). The lift varies appreciably
with the height of the model above the ground plane;
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i Flow over til oo vy b Flow aver nose it IS0° vaw,

) Flow over midseetion ar 307 yaw, side view, I

{er Flow nver rafbar 307 vaw 1

- Flow uver midsection ar 607 viw.

Frovee 0 Smoke Qow over 1 feseinle model of the U, 8 cirsbiipe Vo Cenrer Hine of taodel 280, inchies above the sround board,



(g1 Flow over midsection of £ vaw

(j1 Flow over midsection a1 H0% 3w

LS

Sk FIow aver nose at BT yaw ol Flow over tail ar 2107 yaw

Frotre b Continuetd, Smoke tlaw over ibseale medel of (he 1080 airship Akron Center line of model 257 inehes above the ground board
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however, the results showed that there were no critical
heights in the range investigated, The lift on the
model inereases as the ground board is approached
{fig. 6), showing the greatest absolute increase at
ubout 60° yaw at which angle the lift is highest, but
showing the greatest percentage inerease in the angle
range between 90° and 1830°.  Rolling the airship 10°
nuade no appreciable chunge in the lift (fig. 9).

o°
30° 1507

T — b

o o ‘\‘L]\,

N < Tl

| O S
\
30°
Direction

of wind O\
\\
P /'/
60° T so0
f
Resultant-rforce coefficients in X-Y plane
i
60°
o°,
7 B
ST
90° G

Resultant-force coefticients in X-Z plane
Cre = VIG) (G

Fraune 5 ~Three-view drawing showing resuttant forees on the 1 10-seale model of the U, 8 airship Uhen. Model 2810 inches abuve ground hoard.
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and 1s relatively unaffeeted by any of the changes in
madel beight or roll (fig. 12).

The effect of seale on the longitudinal foree is rela-
tively unimportant in the Reynolds Number range
tested as is shownin figures 7 and 8 for the 0° and 90°
angles, respeetively.

Cross-wind force.—-Like the drag, the cross-wind
force showed very little change with any of the varia-

~ ) C, < 0.2
\W’/figﬁ S of vectors: Eﬂ’ ) L
a Scaie of grstance, 1.:0 2 4 & 8

! v

/ Momen? coefficient = B

(VoL Jis x | distance to C.B., f1.

150°

Resuitont-Fforce coefficients in Y-Z plone

Gy = VIQ) +(&)°

Reynolds Nuinber,

16,000,000,

Drag.— The drag coeflicients with reference to the
wind axis inerease as the angle of vaw increases and
reach a maximum with the airship at 90° yaw. The
drag curve is almost symmetrical about the 90° ordi-
nate, and the drag coefficient drops to a value of about
0.030 for both the 0° and 180° angles (fig. 10). The
height of the model above the ground plane proved to
be an unimportant variable in the drag exeept in the
range of angles near 90°. At the 90° angle the drag
is lower for positions closer to the board.

The longitudinal-foree coeflicient (figs. 11 and 12)

changes from a small positive value at 0° to a rather:

large negative or stern-to-bow foree at 90°, the tran-
sition from positive to negative foree oceurring at
about 30° yaw. The curve is essentially symmetrical

tions in model height, piteh, or roll (figs. 13, 14, and
15). In the range of angles near 90° yaw (fig. 14) the
cross force (hody axis) changes with model height
increasing with the greater distance from the board.

The eross force showed a greater variation with the
Reynolds Number than did the longitudinal force,
dropping ofl at the lower values to about 8 percent
below the value for the high Reynolds Numbers (fig. 8).

Pitching moment.—The pitching moment was not
critically affected by any of the variations in model
height, pitch, or roll, and the results (figs. 16 and 17)
again show that the effects of these variables were
relatively unimportant compared with the changes
in the pitehing moment for small changes in the angle
of yaw.

¥
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The variations of the pitehing noment with the
Reynolds Number were small and inconsistent as shown

by figures 7 and 18 for the 0° and 90° yaw positions, |

respectively.

An interesting reversal of the sign of the pitching
moment oceurs i the vaw-angle imnge hetween 30°
and  60°, the  pitehing-moment coeflicient changing
from about --0.35 at 30° to .55 at 60°,

Yawing moment.- The vawing-moment coefficients
for angles of vaw in the range between 0° and 60° are
small but reach large negative values at 150° (figs. 19
and 20).  The effects of niodel height are unimportant
exeept in the angle range between 02 and 60°, where
the moments small.  The effeets of roll and
piteh are also relatively unimportant.  The
tion with Reynolds Number is small (fig. 18).

Rolling moment.—The rolling-moment  cocefficients
are almost zero for the full range of the tests, and none

are
varia-

of the varintions in model height, pitch, roll; or Rey-
nolds  Number showed any marked or appreciable
effects (figs, 18, 21, and 22

Wake surveys.— The dynamie and total pressures in
the wake of the airship at 90° yaw are presented in
23 and 24, respeetively.  The dead-wake size
with position along the hull and s largest
behind the tail surfaces.

figures
varies

DISCUSSION

The test results presented in figures 5 to 24 give
direetly the measured forces and moments on the,
1/40-scale airship model for the conditions that were!
tested. It is desirable that some understanding be
obtained of the origin of these forces and the nature
of the flow about the airship to aid in the large extra-
polation of the measured results to full-seale Reynolds
Numbers.  An attempt has therefore been made in the
following paragraphs to analyze the test data and the
general problem with a view to determining the nature
of the flow about the airship when adjacent to the
cround and to obtain sonme conception of the applica-
bility of the results to the full-size airship. These
fundamental conceptions are usually provided by the
theory ; however, the complex interaction of the effects
of the ground gradient with those of the ground-plane
interference makes any theoretical treatment without
innumerable assumptions very difficult, il not impos-
sible.  The motion pictures taken of the smoke flow
over the model, a few frames of which are presented
in figure 4

The following problems are cousidered to be of

, greatly assisted in the flow analysis.

particular interest and importance and will be diseussed
in the suceceding paragraphs:

L. The source of the positive lifting foree on the
model,

2. Possibilitics of extrapolating the lift results to
Reynolds Numbers of the full-size airship.

9

3. Origin of negative or stern-to-how longitudinal
foree on airship model at 90° vaw.

4. Comparison of the drag results on the clkron
model above the ground board in the full-seale tunnel
with those mensured in the 20-foot tunnel in free-air
conditions.

5. Reason for the reversal of the pitehing-moment
coeflicients of the model in the yaw-angle range between
30° and 60°.

6. The large vawing moments encountered at 150°
yaw in contrast to the relative ineffectiveness of the
vertical tail surfaces at angles of yaw between 0°
and 60°,

Origin of lift on airship.——In the analysis of the flow
and the aerodynamic forees on the airship the model
has been considered as divided into sections of unit
length of simple geometrie form about which the flow
may be predicted.  Thus at small angles of yaw, see-
tions through the airship parallel to the relative wind
have profiles similar to thick symmetrieal airfoils;
whereas at larger angles of yvaw, these sections parallel
to the wind are deformed into approximately elliptical
shapes that become cireles at 90°.
both the symmetrieal airfoil sections and the bluff
elliptical and eircular sections are well known and have
heen the subject of many previous investigations. I
has been shown that to obtain a lift from these sections,

The flows over

i. ., the airfoil or circular sections, it is required that
a cireulation exist, the circulation manifesting itself by
different velocities and pressures over the bottoms and
tops of the profiles,

The existence of a lift on the airship model therefore
indicates a eirculation about the seetions and, inasmuch
as the angle of attack of the profiles is 0°, the entire
cireulation may be attributed to the interference of
the ground board and ground gradient.
conelusion is obvious from the symmetry of the model
and, in the absence of a ground plane and velocity
gradient, no lift would be expected on the model.

1t is believed that the resultant eirculation producing
a vertieal force may he eontributed {rom the three
following sources:

1. Contraction of flow between model and ground
board.

2. Unsymmetrical flow in the wake of the model
due to the ground-board restraint.

3. Unsymmetrical pressure distribution over top
and bottom of model due to the velocity gradient.

The contraction of the flow between the airship and
the ground board produces lower pressures on the
bottom side of the model with a resultant downward
or negative lift, which inereases as the model approaches
the eround.  The magnitude of this effect may be
theoretically computed (reference 7) assuming poten-
tial flow over the model and no ground gradient.  For
this calculation the ground plane is replaced by a

This same
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reflected image of the model in the ground plane.
Computations of this tvpe made for the condition of
the airship at 90° vaw indicate that, if the flow over
the model were truly potentind, the attraction of the
model to the ground plane would be large and the re-
sultant lift foree negative rather than positive.

The assumption of potential flow over the model 1s
wholly erroncous, in fact, it is only at angles of vaw
near 0° that any similarity exists between the theoreti-
cal and the actual flow over the hull.  This disparity
with the theoretical condition is caused by the break-
away of the flow from the surfuce of the model over the
rear of the sections owing to the losses in the boundary
layer.  The air flow will not follow the hull but sepa-
rates forming a dead-air region of negative pressure
behind the model.  The size of the dead-air rewion is
dependent on the shape of the sections over which the

H

air passes, being smallest for the 0° vaw condition
(g, 4(a)) and largest for the 90° vaw angle.  (See
=moke pictures fig. 4() and 4(ky and the wake surveys
behind the model at 90° vaw in fig=. 23 and 24.)  Approxi-
mate computations based on flows over the airship
model ineluding separation over the rear of the model
revealed  muceh
from the contraction than were previously computed

smaller  negative-lilt effects arising

from the potential flow and indieate that the contrae-:

tion effect may be one of the less important of the
effects contributing to the resaltant vertieal foree,
The second source of 1ift 1s similar to the first in that
it 1s related to the effect of the ground plane on the
flow. It particularly depends on the effect of the
ground board on the flow over the leeward portions of
the airship profiles and on the point of separation of
the flow from the surface.  Previous tests have shown
the point of separation to be very senxitive to any type
of interference effect, and severnl stable tvpes of flow

are possible, depending upon the particular set of exter-|

nal interference conditions, The effect of the unsym-
metrical restraint is to rotate the flow in front of the
model upward and to induce a positive angle of attack
in the flow over the model.  The flow over the bottom
of the airship thercfore tends to follow Tarther along
the cireumference of the model before separation than
the flow over the top side, and the dead-wake reion of
negative pressure on the leeward side of the model is
rotated upward, resulting in w positive lifting foree.
Indieations of these effects are <hown by the smoke
The flow over the model at 60° vaw (nmuaxi-

piletures,
mum-hft angle) s shown in figure 4{g) and it may be
observed that the dead-air region ix shifted upward and
that the flow follows much farther around the lower
hadl of the model than over the upper hadf. This un-
svimmetrical pattern in the wake is also shown in figures
4ley and 4(i). The upflow in front of the model for
the 30° yvaw condition is shown in figure 4(¢), and for
the 0° vaw condition in tigures 40 and 4(k). The
effect of the ground board on the breakaway appears

COMMITTEE FOR AERONAUTICS

[to be smallest for the 90° angle (figs. 4(j) and 4(k))
L probably beeause of the shorter effective chord in the
“direction of the flow. This observation is also a check
on the smaller positive foree measured at this anele.
The third factar contributing to the vertical force is
the ground gradient. Inasmueh as the pressures on the
surface of the body are w tunetion of the dynaniic pres-
sures outside the field of ithe body, the pressures over
the surface at positions where the outside velocity is
bighest will reach larger values. o this particular ease,
therefore, with w positive gradient, that is, a velocity
inereasing with height above the ground board, the
pressures on the upper side of the airship model will
reach higher negative values than those on the lower
v opositive lift.  Trial computa-
tions were made assuming average velocities over the
top and bottom half of the airship when at 90° vaw:
integration of the computed pressures over the surface

¢

surface and produee

of the model gave a positive 1ift of the same sense bit
of shightly greater magnitude than the measured one,
The method was, of course, approximate, innsimueh as
the velocity varies continuously with the height, and
it was also necessary to make assumptions as to the
The

results indieate, however, that the gronnd gradient ix

pressure distribution over the exlindrical profile.

an important factor contributing to the liftine foree.
The large effect of the velocity gradient on the lift
foree sugeests that further tests be made with other
veloeity gradients than the one employed in the pres-
ent investigation,  Generally the results should indi-
ate greater positive fifts with higher veloeity eradients
than that of the present investi

<

ition, and conversely.

All three factors to which the vertieal foree has been
attributed unsyimetrieal
wake restraint, and ground gradient  vary the
height, and the measured lift foree did show a slight
change with the model height; in the range of the

tr
tal
streamline  contraction,
with

tests, however, there were no eritieal points at which
cither =udden chianges or reversals of forees existed.,
Extrapolation of results.--The results showing a
positive lift on the model airship are of particular
interest in regard to the possibility of predicting the
The extrapolation  of
results from the model to the full-<ize airship is lengthy

liftt of the full-size  airship.

masmuch as the Revnolds Numbers for the full-seale
alrship at wind veloeities of 20 miles per hour are
about eight times the maximum value for the tests in
the full-scale tunnel. A direet extrapolation by con-
tinuation of the curves of model results to the Revnolds
Numbers of the full-size airship is not believed justi-
fiedd or satisfactory, inasmuch as the extension of a
curve to eight thmes its original leneth will, no doubt,
fead 1o erroncons conclusions.

A more satisfactory method is to consider the flows
about the body for the two eases of model and full seale
to see M any eritical ehanges in the flow are to be
expected in passing through the scale range to be
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extrapolated.
at large angles of yaw longitudinal sections of the air-
ship become elliptical and, at 90°, become eireular.
Two stable types of flow over a eylinder at right angles
to the flow may oceur, depending upon the Revnolds
Number.  For Reynolds Numbers below the eritical
(400,000 to 500,000 based on evlinder diameter) the
flow is charaeterized by an early separation on the
rear of the eylinder, the breakaway oceurring shightly
before the point of maximum width (fig. 25(a)). For
Reynolds Numbers above the eritieal the boundary
layer becomes turbulent and the breakaway occurs
further back along the circumference (fig. 25(h)).
Quite marked differences would therefore be expected

i the flow over the airship and in the forces on the

model in passing through this Reynolds Number
range.  In the present model tests the Revnolds Num-

ber was above the eritical for all but a few of the
smallest sections near the bow and stern of the model.

Tests have been made in other wind tunnels
eylinders adjacent to ground hoards (references 1 and
2) but, owing to the fact that all of the results were
obtained close to the eritical Revnolds Numbers, they
show different results from the Tull-seale-tunnel data.
Once the ceritical range has been passed, the flow in
eyvlinder tests has shown no marked changes with the
Reynolds Number, and it is believed that the flow
over the full-size airship will be generally similar to
that over the model as tested in the full-seale tunnel.
It may be further pointed out that the portion of the
lift caused by the ground gradient should seale almost
directly to the larger Revnolds Numbers, It is believed
that the hft curve (lig. 83, which show a deereasing lift
with increasing Reynolds Number, will tend to flatten
out at the very high Revnolds Numbers and show a
more nearly constant value.

If the measured HMt coeflicients on the maodel airship
at the highest Reynolds Numbers tested in the tunnel
are scaled directly to the case of the full-size airship,
the resultant vertical forees are of large magnitude for
appreciable angles of vaw and moderate wind veloei-
ties.  For example, the lift on an airship of the size of
the Abron at 30° vaw in a 20-mile-per-hour wind veloce-
ity when its center line is about 95 feet above the
ground is 17,800 pounds; for a yaw angle of 60° and the
same wind velocity, the lift would reach a maxinum
of about 25,600 pounds. The Reynolds Number of
this typieal ease is about eight times the highest valtue
reached in the tunnel tests. The 95-foot height in full
scale corresponds to the 28% inch test height with the
model.

Longitudinal force.- The large negative longitudinal
force (with reference to body axis) at 90° yaw is of
interest and may be accounted for by the unsymmet-
rical flow over the bow and stern of the airship. The
flow over the bow produces a negative pressure region

of |
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[t has been previously mentioned that ' over almost its entire area, whereas the flow over the

stern 1s distributed by the tail surfaces and the statice
pressure 15 positive on the windward side and negative
on the leeward (figs. 4(k) and 4(1)). The result is a
longitudinal foree in the direetion of the nose. On the
bare hull without tail surfaces the large negative value
would not be expeeted.

Comparison with drags measured in 20-foot tunnel. -
The model tested in the full-sceale tunnel adjacent to the

ground board had previously been tested in the
N. A Co AL 20-foot tunnel in the center of the free

stream (reference 1), The mintmum drag coeflicient of
0.024 obtained from these tests may be compared with
the 02 vaw value from the full-seale-tunnel tests. The

Separation

(2} Flow for Revnolds Nuniber helow the eritical.

\ Separation

(bt Flow for Reynolds Number above the eritieal.

Frotre 260 Flow over circular eslinders showing separation.
comparison indieates the magnitude of interferenee
offeet on the drag owing to the ground board and the
ground gradient.  In the comparison, consideration
must be given to the fact that coefficients for the full-
seale-tunnel tests were not based on the average veloeity
over the model but on the velocity at 5 feet above the
hoard, If the true average dynamic pressure over the
model is used, the drag coeflicient for the full-seale-
tunnel tests at 0° vaw becomes 0,039, indicating that
the interference inereased the drag approximately 60
pereent above the 20-foot-tunnel value.  Approximate
computations for the 90° angle of yaw, considering the
airship to consist of a series of evlinders and the tail
surfaces to be flat plates, gave a frec-air drag coefhicient
of 1.27. This value was compared with the measured
drag coeflicient at 90° yvaw corrected to the actual
dynamic pressure over the model, and the interference
of the ground plane and gradient on the drag was again
shown to be in the order of 60 to 70 pereent.  The
increase in drag may be attributed largely to the dis-
turbed wake of the model.
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Reversal of pitching moment.—The reversal of the

sign of the pitching moments in the vaw-angle range

between 30° and 60° 12 probably eaused by the changing

foree on the horizontal tail surfaces. The large negative
moment at 30° 18 eaused by a large positive lift on the
horizontal tail surfaces, innsmuch as the smoke pictures
in figure 4(e) show the average tlow in the tail vicinity
to be inclined upward. At the 30° angle the How over
the windward horizontal surface is not vet shielded by
the vertical surfaces, the blanketing action being
counteracted by the tendency of the flow to follow
along the hull and reduce the effective angle of yaw.
Figures 4(c) and 4(e) show this eflect clearly. At the
60° angle, however, the vertical surfaces effectively
shield the flow over the entire horizontal surfaces and
the areas become inactive (Hig. 4(h)).
sures are, moreover, in the correct direction to create
a positive moment, as is observed in figure 4(f), which
indicates that the flow between the airship and the
ground plane is toward the stern.  In all probability
there 1s a low-pressure region under the stern and a down
foree at the tail.  For the 30° angle it may be observed
that the smoke streamers passing between the board
and the airship are turned toward the bow.

Effect of yaw angle on yawing moment.—The
measured yawing moments were small in the range of
vaw angles between 0° and 60° but changed to large
negative values at 150° (figs, 19 and 20).

The small yawing moments in the vaw-angle range
between 0° and 60° are explained somewhat by the
smoke picture 4(e), which shows that the air is turned
by the hull and flows along the holl in the vegion of the
tail.  The effective angle of attack of the fin, and
therefore the fin Lift, 1s thus redueced.  For the 150°
vaw angle, however, the fin 13 ahead of the hull and
operates in an air stream free of interference.  The
eflectiveness of the fin when forward of the hull is
shown in ficure 4(i) where the large bending of the

The hull pres-:

COMMITTEE
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CONCLUSIONS

1. Changes in the angle of yaw of the airship greatly
affect the ground-handling forces; whereas, in the range
of Revnolds Numbers between 5,000,000 and 19,000,000
(Reynolds Numbers based on model length), small
changes in height, pitch, or roll of the airship have a
neglhgible effect.

2. In the seale range investigated the ground-han-
dling forces nre not importantly affected by changes in
Reynolds Numbers.

3. The enrves of the model results should not he
extrapolated to the Revnolds Numbers of the full-size
airship but may be used with some reliability direetly
from the measured values at the highest Reynolds
Numbers.

smoke streamers owing to the downwash from the |

fin is readily apparent,
experimental information showing the effectiveness of
bow clevators.

These results verify previous .

4. The application of the measured results to the
full-size airship shows very large handling forces for
appreciable angles of vaw and moderate wind velocities.

Laxcrey Memorian AERoONAUTICAL LABORATORY,
Narionan Abvisory COMMITTEE FOR AERONAUTICN,
Laxarey Fikwp, Va,, April 8, 1936,
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4. PROPELLER SYMBOLS

fi giﬁ‘;ﬁgc pitch P, Power, absolute coefficient Cp=p—nl:ﬁ,
? —
. . .
2{/{ 'D ’ frlltfijclylwn\lrtelﬁ)city C.  Speed-power coefficient = %ﬁ
1

V.,  Slipstream velocity , Efficiency
‘ . Revoluti .p.8.

T, Thrust, absolute coefficient OT=—_szn:’r T evolutions per second, r.p.s

Q &, Effective helix angle =tan=! (-Z—Vm)
@,  Torque, absolute coefficient Cq'-p—ngﬁ

5. NUMERICAL RELATIONS

1 hp.=76.04 kg-m/s =550 ft-1b./sec. 11b.=0.4536 kg.
1 metric horsepower =1.0132 hp. 1 kg=2.2046 1b.
1 m.p.h.=0.4470 m.ps. 1 mi.=1,609.35 m = 5,280 {t.

1 m.p.s.=2.2369 m.p.h 1 m=3.2808 ft.






